Slanted nano-columns and square nano-springs made of amorphous silicon (a-Si) were fabricated on bare Si and patterned substrates by oblique angle deposition with a back-forth substrate swing rotation mode. Scanning electron microscopy was used to characterize the grown nanostructures. The tilt angle of slanted nano-rods is determined by the incident angle of deposition flux and the azimuthal swing rotation angle of a substrate. The controlled substrate rotation affects the uniformity and the shape of the nanostructures. On the patterned substrate, the broadening of the size of individual nano-columns is greatly reduced and the nano-columns are not connected as they grow. A simple model based on decomposing the deposition flux is used to describe the effect of substrate rotation on tilt angle, uniformity, and the top-end shape of nanostructures. The feasibility of fabricating separated and well aligned nanostructures by our swing rotation method provides an effective and controllable way to fabricate nano-devices.
Introduction
It is well known that oblique angle deposition produces columnar structures due to the shadowing effect and random fluctuations during film growth [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . In a common oblique angle deposition system, a uniform deposition flux is obtained by evaporation techniques such as thermal evaporation, sputtering, electron-beam evaporation, and laser beam ablation. The deposition flux approaches a stationary substrate at an angle θ (with respect to the substrate normal) referred to as the incident angle or the deposition angle. Well separated columnar structures (nano-columns) can be achieved only at high deposition angles, particularly θ > 80
• for amorphous silicon (a-Si). The deposition angle θ determines the porosity of the deposited films and the tilt angle β of the grown columnar structures. Thus the porosity and the geometry of the nanostructures cannot be controlled separately in a traditional oblique angle deposition technique. One 3 Author to whom any correspondence should be addressed. approach to address this problem is through controlling the substrate rotation during growth. Oblique angle deposition with substrate rotation has the capability of fabricating a large variety of three-dimensional (3D) nanostructures [6, [14] [15] [16] . This process is not significantly sensitive to the nature of the substrates or the source materials.
The shadowing effect is the dominant mechanism controlling the formation, distribution and shape of 3D nanostructures in oblique angle deposition without substrate motion. For a perfectly uniform deposition flux, which has no angular distribution, and if the deposition is on a smooth substrate, then the resulting nano-columns still can broaden along the direction perpendicular to the plane of deposition flux and substrate normal. The grown nano-columns have small bottoms but large top diameters due to the shadowing effect [17] . When the growth is on a pre-patterned surface, the broadening of nano-columns is prominent, which leads to a 'fan-out' feature [11] . On the other hand, with a substrate rotation, the shadowing direction of deposited nuclei is changed during a rotation. One would expect that the resulting nano-columns would be much more uniform in their cross-section diameters. The instability of growth can also be limited by the substrate rotation. Some schemes of substrate rotation were designed to fabricate uniform nanostructures based on oblique angle deposition. Previously, we reported our experiments of creating uniform slanted nano-columns by a 'two-phase' rotation method on smooth surfaces [10] and pre-patterned surfaces [11] . This 'two-phase' rotation method decouples the incident flux direction and the column growth direction through an asymmetric azimuthal substrate rotation so that some of the column receives more flux than the rest [10, 11] . Recently, Jensen and Brett designed an algorithm of substrate rotation or 'PhiSweep' in which the substrate rotates rapidly between two azimuthal positions about the intended column growth direction without changing the deposition angle θ [13] . The geometric structure of the thin films deposited by the 'PhiSweep' method is determined by the thickness of the growing film at each pause time (sweep pitch) and the angle spanned by the two directions of an incident flux. In this method, they decoupled the incident flux direction and the column growth direction and the growing slanted nanocolumns effectively receive a flux from both sides of a column because the sample has a pause time at the two end-positions of a sweep. Therefore, the shadowing direction is changed, associated with the substrate rotation.
In this paper, we introduce a substrate rotation method referred as 'swing' rotation to grow uniform 3D nanostructures. During a 'swing' rotation, the substrate is rotated azimuthally back-and-forth within an angular range called the swing angle with a fixed rotation speed. It differs from the two-phase rotation method where a second rotation speed was used outside the swing angle. It also differs from the 'PhiSweep' method where a pause time is used at the two ends of a sweep. We present our results of slanted Si nanocolumns and square Si nano-spirals to demonstrate how the swing rotation affects the microstructure of thin films deposited by oblique angle deposition. We show that the tilt angle of a slanted Si nano-column can be tuned from 0
• to 60
• . In contrast, the tilt angle of slanted nano-columns can only be changed in the range of 0
• -40
• by the two-phase rotation method [10, 11] . A difference between our swing rotation method and the 'PhiSweep' substrate rotation method is that the latter results in a zigzag shape of nano-fibre where several nano-fibres are bundled together to form a fibrous slanted nanocolumn [13] . No results have been reported on the growth of nano-columns on patterned substrates using the 'PhiSweep' technique. The largest angle of the substrate sweeps is 180
• in the 'PhiSweep' method but the largest swing angle can be any angle within 360
• in our swing rotation method. In this report, we present the fabrication of slanted nano-columns and square nano-springs grown on smooth substrates and patterned surfaces by swing rotation. Our emphasis is to find the growth parameters that allow uniform nano-columns to be grown on patterned surfaces. Therefore, we are able to assemble more complicated 3D nanostructures such as square nano-spirals.
Experimental details
Our oblique angle deposition system set-up has been described in detail elsewhere [9] . The depositions were performed in a high vacuum chamber with a background pressure of 2×10 −4 Pa. The Si (99.9995%, Alfa Aesar) was evaporated by an electron beam bombardment method. The pressure during deposition was less than 5 × 10 −4 Pa. The whole chamber was cooled by circulating chilling water. A quartz crystal microbalance (Maxtek TM-350/400) was used to monitor the evaporation rate. The quartz crystal microbalance was faced to the incident flux without any tilting. The normal growth rate was controlled at 0.50 ± 0.03 nm s −1 . A stepper motor was used to rotate the substrate azimuthally without changing the deposition angle θ . See figure 1(a) . The substrate was rotated back and forth continuously within an azimuthal angle φ (<360
• ). The rotation speed ω was chosen to be 0.15 rev min
• , 120
• }, was chosen for fabrication of slanted Si nano-columns. We refer to this method as 'swing' rotation, shown schematically in figure 1(b) . In each experiment, one bare Si(100) substrate and one patterned substrate were loaded into the chamber for deposition. The size of the substrates is about 1 cm × 1 cm for both the bare Si substrate and patterned substrate. The patterned substrate has been described elsewhere [11] . The patterned substrates have tungsten nano-pillars of 450 nm height and 150 nm diameter arranged in a two-dimensional (2D) square lattice with 1000 nm lattice constant and a 2D triangular lattice with 700 nm lattice constant on the same piece of substrate. We fabricated slanted nano-columns and four-turn square nanospirals that consist of straight nano-columns with equal lengths for the arms. The arm was created by the same swing rotation method with φ = 60
• and θ = 85
• . At the end of the deposition of each arm, the substrate was turned through 90
• to start the deposition of the next arm. Thus, four adjacent arms make one complete turn of a nano-spiral.
After the deposition, the samples were imaged by a field emission scanning electron microscope (FE-SEM, JEOL Ltd, Tokyo, Japan). For the cross-sectional views, the samples were cleaved along the direction of the deposition flux and the direction perpendicular to the deposition flux. The samples were mounted on a specimen holder and then coated with about 10 nm Au. Top-view and cross-sectional images were taken and digitalized for handling and further analysis. We used Adobe Photoshop 6.0 (Adobe Systems Inc., USA) software to measure the tilt angles of nano-columns from the crosssectional views. The size of nano-columns deposited on the pre-patterned substrates was measured from the crosssectional views along the two directions in which each sample was cut. We assigned h as the size of the slanted nano-columns measured from the cross-sectional images along the direction of the deposition flux and w as the size of the slanted nanocolumns measured along the perpendicular direction of the deposition flux.
Results and discussions

Model of effective angle of nano-columns grown by the swing method
The swing rotation method can be schematically represented in figures 1(a) and (b). The definitions of the angles are illustrated in a 3D view in figure 1(a) and the azimuth rotation of the substrate is shown in figure 1(b). In figure 1(a), the incident angle of deposition flux θ and the tilt angle of nano-columns β are measured from the surface normal n. Following our previous discussion on the deposition flux, we decompose the deposition flux F into a parallel part F and a vertical part F ⊥ [10] . F is projected into the substrate surface and changes its direction during substrate rotation. In figure 1(b) we decompose F into two parts, one part along the y-axis F y and the other part along the x-axis F x . The part along the y-axis changes sign twice during one period of swing (T ). Subsequently, the deposition associated with this part has no effect on the tilt angle β of the grown nano-columns. The tilt angle β is determined by F ⊥ , F x and θ .
In one period of swing T = 2φ/ω, the flux deposited along the x-axis G can be calculated as
(1) At the same time, the deposit along the surface normal n is
Thus, the effective deposition angle α can be obtained from
We have derived an expression similar to equation (3) in our previous analysis of the 'two-phase' rotation method, shown as the following equation [10] :
Equation (4) can be reduced to equation (3) by taking the limit of ω 2 → ∞ in equation (4) . However, in terms of substrate rotation, our swing rotation method is not a special case of the 'two-phase' rotation method. In the 'two-phase' rotation method the substrate always rotates in one direction (either clockwise or anticlockwise). In the swing method the substrate rotates clockwise and anticlockwise in a swing angle. We plotted α as a function of φ at given values of θ values in figure 1(c). As shown in figure 1(c), α decreases monotonically with the increases of φ. But the decrease of α is slow in the region of small φ (φ < 90 • ). The tilt angle β is determined by α following the same relation in the case of oblique angle deposition without substrate rotation, i.e. the tangent rule [18, 19] , tan β = tan α (for α < 50
• ), or the cosine rule [20] , figure 2 , representative top-view and cross-sectional view of SEM images of slanted Si nano-columns are presented in the left column and the right column, respectively. These slanted Si nano-columns were grown by the swing rotation method at θ = 85
Slanted nano-columns grown on smooth
• with φ = 30
• , 60
• , 90
• and 120
• , arranged from the top row to the bottom row as in figures 2(a)-(d). A sample deposited at θ = 85
• without substrate rotation as a reference is shown in figure 2 (e). The SEM images were aligned in such a way that the deposition flux came from the left side of each image as indicated by the white arrows shown in figure 2(e). The xaxis and y-axis were assigned in the left image of figure 2(e). The small white scale bars marked in all images correspond to 200 nm. Compared to the reference sample, the slanted nanocolumns grown by swing rotation are larger in diameter as well as the separation of neighbouring nano-columns. The size of nano-columns fabricated by swing rotation ranges from 35 to 70 nm, while the columns in the reference sample are about 20-40 nm in diameter, as measured from the cross-sectional SEM images along the x-axis. In the cross-sectional SEM image of the reference sample, the small fibrous nano-columns are bundled apparently because of their small separations. In contrast, the nano-columns are separated in the samples fabricated by swing rotation. The size of the nano-columns is smaller at their earlier growing stage in swing rotation growth. Some of the growing nano-columns are hindered by their neighbours at certain film thickness. In the reference sample, nano-columns are connected from the side along the y-axis. In contrast, well defined individual nano-columns can be found in the swing rotation samples. The nano-columns are much more uniform when the swing angle φ changes from 90
• to 120
• . However, bunching of nano-columns can be seen from the SEM top-view images while φ is as small as 30
• . 
• , (e) Si nano-columns grown by traditional oblique angle deposition without substrate rotation. The white arrow in figure 3(e) indicates the direction of the deposition flux. A two-dimensional frame parallel to the plane of substrate with the x-axis and the y-axis labelled is shown in figure 3(e) . The white scale bar in each image represents a length of 200 nm.
This observation can be explained by the shadowing effect during oblique angle deposition. Since the substrate is rotated back-and-forth within the swing angle φ, the shadowing effect increases the separation of nano-columns in the y-axis, thus preventing them from merging in this direction. If the swing angle φ is too small, the nano-columns can still touch each other starting at a certain point due to the enhanced diffusiondriven growth in the y-axis.
The tilt angles were measured from the substrate normal in the SEM cross-sectional images of grown nano-columns. As shown in figure 3 , the change of tilt angle β of nano-columns as a function of the swing angle investigated at a fixed θ is very small, as indicated by the dotted straight line. The inset • . The change of β is small up to φ = 120
• . The inset plot is the change of β at different deposition angle θ with φ fixed at 90
• .
in figure 3 shows the trend of β as a function of θ with a fixed φ = 90
• . The increase of β can be very quick as θ is close to 90
• . Thus, the tilt angle β is determined by the incident angle of the flux θ while the swing angle φ is not larger than 90
• . The tilt angle β is controlled by the effective deposition α when the swing angle is larger than 90
• through a so-called cosine rule as discussed in the 'two-phase' rotation method [10] . As shown in figure 1 , the films can be designed to possess a small value of β by rotating the substrate to a large swing angle φ. In a particular case, when φ = 360
• , one could fabricate vertical nano-columns (i.e., β = 0
• ). As a comparison, using the 'twophase' rotation method, one only can select the tilt angle from a small range of 0
• -36
• for Si nano-columns at θ = 85
• [11] . For the tilt angle of metallic Co nano-columns fabricated using the same deposition parameters in 'two-phase' rotation method the range is from 0
• to 40
• [11] . The flux deposited along the y-axis has no effect on the tilt angle of the resulting nano-columns because of the cancellation of flux from both sides of the x-axis. However, it has an effect on the morphology of the deposited films. In our swing rotation scheme, the larger the swing angle φ, the greater the deposited flux along the y-axis. Meanwhile, the shadowing effect in this direction is increased with the larger φ values. One could imagine that the deposited films become porous with the increasing shadowing effect in the y-axis. In other words, one could control the porosity of the films without changing the tilt angle of the films too much. This is desirable for the magnetic and optical applications where the anisotropy of the films is preferred [17, [21] [22] [23] .
On nano-pillars arranged on a 2D square symmetry substrate.
To obtain a periodic array of nanostructures, patterned surfaces are required in order to control the locations where the nanostructures are grown. We used 450 nm height tungsten nano-pillars as the seeds to fabricate regular arrays of nano-columns and nano-spirals (in section 3.3). Figure 4 shows the slanted nano-columns grown on the pre-fabricated nano-pillar seeds arranged in a 2D square lattice. The flux figure 4 , the SEM images correspond to the samples prepared at φ = 30
• with θ = 85
• and ω = 0.15 rev min −1 fixed for all samples. We have imaged the other two samples prepared at φ = 45
• and 75
• which are not shown in this paper. As shown in figure 4 , the nano-columns continuously broaden along the y-axis to form a shell feature for samples prepared at swing rotation angle φ < 90
• on square patterned substrates. This means the growth of nano-columns does not reach the constant growth region if the swing angle φ is smaller than 90
• . Consequently, the nano-columns are still able to touch their neighbours along the y-axis, the direction perpendicular to the deposition flux. The size of nano-columns in the y-axis direction increases as the growth time increases for the samples with swing rotation angle φ < 90
• . For the samples grown at 
φ = 90
• , the size of the nano-columns in the y-axis direction increases initially but saturates very quickly after a short period of growth time. After this, nano-columns with a uniform size were obtained by the swing rotation method. As a result, well aligned nano-columns can be fabricated to a length of several micrometres by choosing a swing angle φ 90
• for a square patterned substrate.
On nano-pillars arranged on a 2D triangular symmetry substrate.
The nano-columns grown on triangular patterned substrates are shown in figure 5 . The lattice constant of the 2D triangular lattice is about 700 nm, which is shorter than the lattice constant of the square lattice (1000 nm). The number density of the nano-pillar seeds in the triangular lattice is about 2.356 × 10 10 cm −2 and is larger than the number density of the square lattice which is 1 × 10 10 cm −2 . Consequently, the size of the nano-columns on these seeds is smaller than the size of nano-columns on square patterned seeds which are listed in table 1. It compares the measured values of h and w for the triangular lattice and square lattice under the same swing angle φ. Table 1 . The measured tilt angle β, the size h of nano-columns in the direction of deposition flux, and the size w of nano-columns in the perpendicular direction to the flux. The slanted nano-columns were deposited on nano-pillar seeds in a square lattice (left column) or a triangular lattice (right column) by swing rotation with different angle φ values. The incident angle of the deposition flux was kept at 85
• for all the samples.
Square lattice
From table 1, it can also be found that the measured tilt angle β of slanted nano-columns deposited on patterned substrates slightly fluctuates around 60
• , which is the same as the result of tilt angle of the nano-columns deposited on a smooth surface in figure 3 . The fluctuation is induced mainly by the mis-cut of the patterned 2D lattice along the x-axis when prepared the samples for SEM imaging. The mis-cut can be seen from the cross-sectional views in the right columns of figures 4 and 5 that show some nano-pillars missing or closer to the cutting edge of the samples than other nano-pillars in the same row.
The above result shows a great improvement compared with our previous results. For example, as we showed previously, isolated individual nanostructures would not be easily fabricated on the nano-pillars if the substrate is kept stationary at one position for a long deposition time [11] . The fan-out growth of nano-columns would result in a connected structure along the y-axis. We applied our two-phase rotation method to solve this problem and demonstrated that well aligned nano-columns can be fabricated using this method [11] . Likewise, our new method of swing rotation has the capability of preventing the fan-out growth. The mechanism of reducing the fan-out feature is the same for these two rotation methods. Since the substrate is rotated, the direction of the shadowing effect is changing and the growth along the side of nanocolumns is interrupted during a rotation. During a swing rotation, the centre of a growing nano-column can receive the flux without interruption. But the side perpendicular to the flux only receives the flux when the nano-column is rotated to face the flux on this side. If the rotational speed is fast enough, only several short small rods grow on the sides. Rectangular cross sections of nano-columns can be expected to grow on a square lattice of pre-fabricated nano-pillars according to the symmetry of the square lattice. Likewise, we expected that a triangular shape of the cross section of nano-columns can be formed on the nano-pillars arranged in a triangular lattice.
Square nano-spirals grown on smooth Si substrate and nano-pillars in 2D square and 2D triangular patterned substrates
To demonstrate the capabilities of our swing rotation method in fabricating different 3D nanostructures, we deposited a square nano-spiral sample with the swing angle φ = 60
• and incident angle θ = 85
• on both bare Si(100) surfaces and pre-patterned substrates. The SEM images of the four-turn nano-spirals are shown in figure 6 . The top-view images and cross-sectional images are arranged in the left column and the right column, respectively. When taking the images of the cross-sectional views, we tilted the samples by 10
• to show the top surface of the samples. The nano-spirals fabricated on bare Si(100) substrates are uniformly distributed across the whole sample as shown in the top-view and cross-sectional SEM images shown in figures 6(a) and (b), respectively. The cross-section of the arms constructing the nano-spirals is not a circle but a shape close to a rectangle with its longer side perpendicular to the incident flux as observed in top-view SEM images. There were small slanted rods starting to grow at the beginning growth time of nano-spirals. Some big rods dominate the growth due to the shadowing effect, which continuously grow and form complete spirals. Some small rods diminish after a short period of growth time. After the first turn, the size of individual nanospirals is uniform for the remaining three turns of the same nano-spirals. Due to the competition between adjacent nanospirals, however, the cross-sectional diameter fluctuated from one nano-spiral to another. There is a group of large nanospirals (such as spring A marked in figure 6 ) with a diameter of 357±33 nm and a group of small nano-spirals (spring B marked in figure 6(a) , for example) with a diameter of 180±30 nm. The diameter was measured from the SEM top-view image along the direction perpendicular to the incident flux for a particular arm, which is the long axis of the cross-sectional shape of the nano-spirals. Both groups of nano-spirals interweave into the deposited films in that a large nano-spring is surrounded by some small nano-spirals. We believe that the difference in the diameters of the two groups of nano-spirals (A and B in figure 6 (a)) can be reduced by rotating the substrate to a swing angle φ > 120
• . Another way to deposit uniform spirals is to introduce the patterned nano-seeds. The nano-spirals grown on our nanopillar seeds in a square lattice and triangular lattice are shown in figures 6(c)-(f). The scale bars in the figure correspond to 1000 nm. The nano-spirals form a regular array which has the same periodicity as the seeds in the lateral plane. The pitches of each turn of the nano-spirals measured from the cross-sectional images are 1042 ± 5 and 1024 ± 8 nm for the nano-spirals grown on a square lattice and a triangular lattice, respectively. The sizes of the nano-spirals measured from side to side, as indicated by white arrows in figures 6(d) and (e), are 1052±59 and 915 ± 37 nm for the square lattice and triangular lattice. We also estimated the diameter of the arms of the spiral from the cross-sectional SEM images. The diameters are measured to be 379 ± 15 nm and 259 ± 20 nm for the nano-spirals grown on a square lattice and a triangular lattice, respectively. From the measurements, the nano-spirals grown on a square lattice are 'fat' compared to the nano-spirals grown on a triangular lattice. Other complex 3D nanostructures such as slanted zigzags, 'S-shape' nano-wires, and round nano-spirals can be grown using swing rotation in the future. We believe that the swing rotation might have a profound effect on the texture of the grown nanostructures if one chooses metals to construct the nanostructures.
Recently, Jensen et al reported the growth of square nanospirals on a smooth surface using the 'PhiSweep' substrate rotation scheme [13] . They found close packed nano-spirals can be grown with uniform size as the sweep pitch was chosen to be 45 nm at a total swept angle of 90
• [13] . In their experiment, the fine structure of the nano-spirals has a zigzag shape due to the sweep of substrate. The growth of nanocolumns has not been demonstrated by the 'PhiSweep' method yet. In this paper, we mainly focused on our fabrication of slanted nano-columns grown on patterned substrates. By choosing a large swing angle such as φ = 90
• , we show the capability of creating uniform nano-columns on nano-pillars. However, the nano-columns grown on a smooth surface are not very uniform in size at φ = 90
• . Compared to the result of the 'PhiSweep' method, we believe that the reason is a shorter growth time on both sides of the nano-columns in our approach. This deficit could be overcome if we chose a non-uniform rotational speed ω with slower rotation speed when close to both ends of the swing angle.
Conclusions
In conclusion, we have developed an improved method to fabricate slanted Si nano-columns and square nano-spirals by using a substrate swing rotation in the plane of the substrate surface. Well separated and uniform nano-columns were fabricated in our experiment. We constructed a simple model to predict the tilt angle of the columns by decomposing the incident flux into parallel and vertical parts. An expression of the effective deposition angle was obtained for the swing rotation method. By varying the swing angles and fixing the incident angle, one can change the porosity of the deposited films without changing the tilt angle of the grown nanocolumns. This technique can be used to design new optical and other devices.
